Introduction
Biogenic polyamines are essential cationic compounds found in all living organisms. The composition of polyamines varies in different organisms; while putrescine, spermidine and spermine are the most common ones in human cells, many bacteria do not synthesize spermine (Seiler, 2004; Casero and Pegg, 2009) . When in excess, spermine is known to exert a strong adverse effect on cell growth (Chattopadhyay et al., 2003; Nakada and Itoh, 2003) . The cell maintains polyamine homeostasis through a tight control of biosynthesis and uptake, but most living organisms including bacteria and humans reduce spermine toxicity by acetylation (Seiler, 2004; Wang and Casero, 2006) . The acetylated spermine can be either excreted or recycled into other polyamine compounds (e.g. spermidine and putrescine) of less toxicity (Seiler, 2004) . The spermidine/spermine acetyltransferase (SSAT) is a highly conserved enzyme in bacteria (Woolridge et al., 1999; Joshi et al., 2011) . Without a functional SSAT, the growth of Escherichia coli mutants is retarded by exogenously added spermine (Fukuchi et al., 1995; Raj et al., 2001) . It has been reported that most strains of Staphylococcus aureus are sensitive to exogenous spermine due to the lack of SSAT, and only a distinct lineage of strains carries the gene for SSAT in a genetic cassette that is significant for pathogenicity (Joshi et al., 2011) .
No SSAT orthologue was identified in P. aeruginosa or pseudomonads in general. In P. aeruginosa, acetylpolyamine can be degraded by at least two different acetylpolyamine amidohydrolases (AphAB) (Chou et al., 2008) . Furthermore, this organism can grow on spermine and other biogenic polyamines as the sole source of carbon and nitrogen. Degradation of these compounds is mediated by the g-glutamylation pathway, which was first reported in E. coli for putrescine catabolism (Kurihara et al., 2008) . The puuA gene of E. coli encodes the g-glutamylpolyamine synthetase, the sole member of this enzyme family in this organism (Kurihara et al., 2008) . In comparison, there are six different glutamylpolyamine synthetases (PauA1-PauA6) in P. aeruginosa (Yao et al., 2011) . While these enzymes may have different substrate specificities, our group demonstrated that PauA2 plays an essential role in spermine catabolism (Yao et al., 2012) and that exogenous spermine exerts a bactericidal effect on the DpauA2 mutant of P. aeruginosa (Yao et al., 2012) .
We have recently discovered that spermine exerts a strong synergistic effect with b-lactam antibiotics against many bacteria, including the Gram-positive methicillin-resistant S. aureus (MRSA) and the Gram-negative P. aeruginosa (Yao et al., 2012; Yao and Lu, 2012) . A DpauA2 mutant of P. aeruginosa is more susceptible to b-lactams than the wild-type strain when growing in human serum, although the mechanism remains unknown (Yao et al., 2012) . Consequently, it was proposed that enzymes for spermine modifications might consist potential targets of drugs that are aiming to enhance the efficacy of b-lactam antibiotics (Yao et al., 2012) .
Although PauA2 of the g-glutamylation pathway provides a very efficient way to alleviate spermine toxicity in P. aeruginosa, it seems likely that other mechanisms to fence off the harsh effect of spermine might be triggered in the absence of pauA2. In this study, we conducted experiments directed to identify the genetic nature of DpauA2 suppressors that grew on agar plates with spermine, and concluded that spermine toxicity could be attenuated by increasing the intracellular concentration of polyphosphate.
Results
Isolation of spermine-resistant mutants in P. aeruginosa devoid of the glutamylpolyamine synthetase PauA2
We have previously reported that P. aeruginosa encodes six putative glutamyl polyamine synthetases (PauA1-A6), and proposed they catalyze g-glutamylation of polyamine to initiate polyamine catabolism (Yao et al., 2011) . Glutamylation of spermine requires PauA2, and a DpauA2 mutant can no longer use spermine as the sole source of carbon and nitrogen (Yao et al., 2012) . Furthermore, the DpauA2 mutant became over 50 times more sensitive to exogenous spermine than the parental strain PAO1 (Yao et al., 2012) . To identify the potential secondary defense mechanism against spermine toxicity in the absence of the spermine modification enzyme PauA2, spermine-resistant suppressors of H298 (DpauA2) were selected on the LB agar plate supplemented with 10 mM spermine. From the results of three independent experiments, the average frequency of suppressor mutations was estimated to be around 1 3 10 28 /cell under this selection condition. Over 100 suppressors were isolated by this selection scheme, and all of them exhibited activation of the Pho regulon as we elaborated in a later section (Constitutively active pstS promoter). One colony, which was randomly picked from the selection plates to represent this group of suppressors, was then subjected to further characterization as described below. The representative DpauA2 suppressor strain H300 exhibited several distinct phenotypes. Using the broth dilution method we determined that the spermine MIC of H300 was 32 times higher than that of its parental strain H298 (DpauA2) (20 mM vs. 0.6 mM; Table 1 ). In comparison to the DpauA2 mutant H298 and the wild-type H103, the DpauA2 suppressor H300 also exhibited slow growth and pyocyanin overproduction. The estimated doubling time of H300 was four times longer than that of the wildtype strain H103 or the DpauA2 mutant H298 in LB broth (Table 1) . Finally, an adamant greenish pigmentation was observed in the culture of H300 during growth in LB broth, suggesting overproduction of pyocyanin (Fig. 1A) . A complete comparison with a more quantitative characterization of these and additional phenotypes are presented in a later section (Phenotypic analyses).
Genome resequencing revealed a single substitution at the phoU gene
To identify the genetic nature of the suppressor mutation in H300, genome resequencing of H300 and its parental DpauA2 mutant H298 was conducted by the Illumina MiSeq genome sequencer. Through vigorous sequence comparison, a single nucleotide substitution was identified in the coding sequence of phoU (Fig. 2) , which is located immediately downstream from the pstABCD genes for an ABC transporter of inorganic phosphate. PhoU of P. aeruginosa and its homologs in other bacteria have been reported to serve as a regulatory element in the PhoB-PhoR phosphor-relay (Nikata et al., 1996) . The identified C 599 T mutation was confirmed by PCR amplification and sequencing of the 1640-bp DNA fragment covering the affected region in H300 (DpauA2 suppressor) but not in H103 (WT) and H298 (DpauA2 mutant). This point mutation is expected to result in Ser 200 Leu substitution in the PhoU protein (Fig. 2) , a change that could potentially change the regulatory function of PhoU. We designated the phoU allele in H300 (DpauA2 suppressor) as phoU599.
Complementation tests were conducted to confirm that phoU599 is indeed conferring spermine resistance in H300 background. Two recombinant plasmids were constructed using the pQF50 vector, as described in Fig. 1 . Pyocyanin quantitation assays for P. aeruginosa H103 and its derivatives.
A. Upper: Cell cultures with 300 rpm shaking at 37˚C for 25 h incubation. Middle: Blue pigment was extracted from cell cultures by chloroform. Bottom: Pyocyanin (pink color) was isolated by 0.2 M HCl. B. The absorbance of extracted pyocyanin solution at 520 nm was measured and pyocyanin concentration was calculated using molar extinction coefficient of 2460 M 21 cm
21
. The calculated averages of three measurements were compared with H5365 (DphoU) as 100% and represented by relative percentage with standard deviation. Fig. 2 . Schematic presentation of gene clusters in phosphate transport and its regulatory system in P. aeruginosa. The gene organization for the phoBR and pstCABC-phoU locus was shown in labels. The location of a nucleotide substitution (C 599 T) on the phoU gene and the resulting Ser 200 Leu substitution of PhoU protein in H300 (DpauA2 phoU599) and its parental H298 (DpauA2) was depicted. Also shown in this figure were the pstS::lacZ and pstC::lacZ transcriptional fusions consisting of the entire intergenic region in the upstream of pstS or pstC gene.
Experimental Procedures. Plasmids pYCP1 and pYCP2 carry the wild-type phoU and the phoU599 allele respectively. When introduced into H300 (DpauA2 phoU599), plasmid pYCP1, but not pYCP2, was able to decrease spermine MIC to a level similar to that of parental strain H298 (DpauA2) ( Table 1 ). These results suggest that phoU599 is a recessive genetic trait of spermine resistance in H300.
To further substantiate the effect of phoU on spermine resistance, we used the Flp-FRT recombination system to construct a marker-less DphoU allele in the background of the wild-type strain H103 and the DpauA2 mutant H298; the resulting mutants were designated as H5365 (DphoU) and H304 (DpauA2 DphoU). With a functional pauA2 gene, both H5365 (DphoU) and H103 (WT) were able to tolerate over 20 mM of spermine (Table 1) . Also, spermine MIC of H304 (DpauA2 DphoU) was comparable to that of H300 (DpauA2 phoU599) and 32 times higher than that of parental strain H298 (DpauA2). When complemented by pYCP1 carrying the wild-type phoU gene, the level of spermine resistance in H304 (DpauA2 DphoU) was reversed back to the level of H298 (DpauA2) ( Table 1) . These results support the notion that phoU599 is reminiscent of a null phoU allele on spermine resistance.
Phenotypic analyses
As shown in Table 1 , the spermine-resistant DpauA2 mutant H300 (DpauA2 phoU599) grew much slower than its parental strain H298 and the wild-type H103 in LB broth. This slow-growth phenotype was also observed in H304 (DpauA2 DphoU) and H5365 (DphoU), suggesting a correlation between growth retardation and the phoU mutations. When complemented with the wild-type phoU gene, H300 (DpauA2 phoU599) and H304 (DpauA2 DphoU) resumed to a growth rate comparable to that of H298 (DpauA2) and H103 (WT) ( Table 1 ). These observations confirm that a phoU null mutation has an adverse effect on bacterial growth. Furthermore, the growth of all DphoU mutants was improved to some extent by the addition of spermine to the medium ( Table 1 ), suggesting that spermine eases the inhibitory effect of phoU on bacterial growth.
The phoU null mutations also led to pyocyanin overproduction. As shown in Fig. 1A , the spent medium of H300 (DpauA2 phoU599), H304 (DpauA2 DphoU), and H5365 (DphoU) displayed a much stronger greenish-blue coloration than that of H103 (WT) and H298 (DpauA2). These observations were then confirmed by quantitative measurements of pyocyanin. Furthermore, while the levels of pyocyanin in H300 (DpauA2 phoU599) and H304 (DpauA2 DphoU) were comparable, H5365 (DphoU and WT pauA2) produced about two times more of pyocyanin (Fig. 1B) . Also, complementation of H300 (DpauA2 phoU599) and H304 (DpauA2 DphoU) with the wild-type phoU clone (H301 and H305) reduced pyocyanin synthesis to levels comparable to H103 (WT) and H298 (DpauA2). On the contrary, introduction of the phoU599 allele (H302 and H306) enhanced pyocyanin synthesis (Fig. 1B) . These results establish a strong link between pyocyanin overproduction and the mutations in phoU, suggesting a possible modulation of pyocyanin synthesis by spermine via PauA2.
Since pyocyanin overproduction might indicate a disturbed quorum-sensing network, we examined the DphoU mutants for several aspects of social behaviors, including biofilm formation, mobility (swimming, swarming and twitching) and rhamnolipid synthesis.
Biofilm formation was measured in H103 (WT), H298 (DpauA2), H300 (DpauA2 phoU599), H5365 (DphoU) and H304 (DpauA2 DphoU) grown in the LB broth in the absence and presence of different polyamines. In LB broth without polyamine, the level of biofilm formation was comparable among the different strains (Fig. 3) . Spermine, however, exerted an inhibitory effect in H298 (DpauA2), while spermidine and spermine enhanced biofilm formation in H300 (DpauA2 phoU599) and H304 (DpauA2 DphoU) to levels that were about two times higher than that in H103 (Fig. 3) .
As for mobility behaviors, no apparent difference was observed between H103 (WT) and H298 (DpauA2) (Fig.  4) . In comparison, H300 (DpauA2 phoU599) and H304 (DpauA2 DphoU) exhibited no sign of swarming, reduced swimming capability and normal twitching derivatives. All strains were tested in LBNS broth supplemented with 5 mM Put, 5 mM Spd or 1 mM Spm. The biofilm synthesis induced by polyamines was stained by crystal violet and determined by the absorbance at 540 nm. The quantitation of biofilm was represented as averages of three measurements with standard deviations. LBNS alone as the positive control. LBNS, LB broth without sodium chloride; Put, putrescine; Spd, spermidine; Spm, spermine.
behavior, while H5365 (DphoU) showed reduced level of swarming and swimming and a comparable level of twitching mobility (Fig. 4) .
Rhamnolipid and flagella are considered as two important factors in swarming motility (Kohler et al., 2000; Caiazza et al., 2005 ). Thus, we tested the rhamnolipid production in phoU mutants. As Fig. 4D showed, rhamnolipid production was comparable among all strains tested except H5365 (DphoU), which showed a reduced level of rhamnolipid production. These results indicated that other factor(s) might be involved in the retardation of swarming motility in H300 (DpauA2 phoU599) and H304 (DpauA2 DphoU).
Measurements of pstS and pstC promoter activities
In P. aeruginosa, the phoU gene is located immediately downstream of the pstSCAB genes, which encode an ABC transporter of inorganic phosphate ( Fig. 2) (Nikata et al., 1996) . While the precise biochemical function of PhoU remains unclear, this protein that is highly conserved among different bacterial species has been reported to participate in the control of the Pho regulon (Surin et al., 1986; Kato et al., 1994; Ghorbel et al., 2006; Wang et al., 2013) . In many cases, mutations in phoU result in constitutive activation of the PhoR/PhoB two-component system. This system regulates the Pho regulon including the pstSCAB genes in P. aeruginosa (Kato et al., 1994) . To test the potential effect of phoU599 on the Pho regulon, we constructed the pstS::lacZ (pYCP3) and pstC::lacZ (pYCP4) transcriptional fusions and measured the promoter activities of these reporter plasmids in H103 (WT) and its derivative mutants (Fig. 2 ). Comparing to H103 (WT) and H298 (DpauA2), the promotor activities of pstS and pstC in all phoU mutants (H300, H5365 and H304) were strongly induced. These findings support the role of PhoU on the expression of the Pho regulon in P. aeruginosa. It is Pho regulon and polyphosphate against spermine stress 1041 noteworthy that the induction of all phoU mutants in LB with 5 mM spermine was lower than that in LB medium alone (Fig. 5) . Therefore, spermine may decrease the induction of the Pho regulon by an unknown mechanism and thus mitigate the effects of the phoU mutation, such as the improved growth rate.
Constitutively active pstS promoter as a common trait in spermine-resistant suppressors
We were surprised to find that all spermine-resistant DpauA2 suppressors from the selection plates share two apparent phenotypes -slow growth and pyocyanin overproduction. To test if suppression of pauA2 always turns on the Pho regulon, the pstS::lacZ fusion plasmid was introduced into H298 (DpauA2), before suppressors selection on the LB plates with spermine. A total of 108 colonies were randomly picked from the selection plates and spotted on the LB plates with X-Gal. We found that 105 colonies displayed intense blue coloration, indicating an active pstS promoter, most likely due to a constitutive expression of the Pho regulon. The additional analysis confirmed that remaining three white colonies lost the reporter plasmid (carbenicillin was not included in the selection plates); these suppressors colonies developed blue color after repeated transformation with the reporter plasmid.
Based on these observations, we hypothesized that the new suppressor mutations result in activation of the Pho regulon. As the regulatory mechanism of the Pho regulon in Pseudomonads is reminiscent of that in E. coli (Monds et al., 2006) , activation of the Pho regulon might be achieved with mutations that either cause PhoU inactivation or PhoB/PhoR constitutively active. Theoretically, the probability of having mutations on the former should be much higher than that on the later. To test this hypothesis, three suppressors were randomly selected, and the phoU genes of these mutants were determined by PCR and DNA sequencing. The results showed that one suppressor had a 12-bp deletion (n.t 108-119), and the other two had the C 190 T nonsense mutation.
Detection of polyphosphate overproduction in phoU mutants
PhoU inactivation was reported to lead to high-level accumulation of polyphosphate (polyP) (Morohoshi et al., 2002; De Almeida et al., 2015) . To follow the polyP production in the cells, the Neisser stain was applied, and the polyP granules were visualized under 1003 bright field objective. As can be seen in Fig. 6 , H103 (WT) and H298 (DpauA2) were Neisser stain negative, whereas H300 (DpauA2 phoU599), H304 (DpauA2DphoU) and H5365 (DphoU), all of which carry a phoU null mutation, presented distinct polyP granules in the cells. When complemented with the wild-type phoU clone, H300 (DpauA2 phoU599) and H304 (DpauA2DphoU) became Neisser stain negative, but remained stain positive in the presence of the phoU599 allele. Based on these results, we hypothesized that polyP can neutralize spermine toxicity via charge interactions in suppressors of H298 (DpauA2) conferring spermine resistance.
Hydrolysis of polyphosphate by PPX reverses the spermine-resistant phenotype
Highly negatively charged polyP could potentially bind with positively charged spermine to attenuate toxicity. To Fig. 5 . Analysis of the pstS and pstC promoter activities in P. aeruginosa H103 and its derivatives. The bacterial strains carrying pYCP3 (pstS) or pYCP4 (pstC) were grown in LB broth in the absence (gray) or the presence (black) of 5 mM spermine. The b-galactosidase activities were measured by the absorbance of 420 nm and represented as averages of three measurements with standard deviations. Strain name (Genotype) left to right: H308 (WT/ pYCP3), H310 (DpauA2/pYCP3), H312 (DpauA2 phoU599/pYCP3), H314 (DphoU/pYCP3), H316 (DpauA2 DphoU/pYCP3); H309 (WT/pYCP4), H311 (DpauA2/ pYCP4), H313 (DpauA2 phoU599/ pYCP4), H315 (DphoU/pYCP4), H317 (DpauA2 DphoU/pYCP4). Pho regulon and polyphosphate against spermine stress 1043 test this hypothesis, we designed experiments to manipulate the intracellular polyP level and checked its consequence on spermine susceptibility. It has been reported that exopolyphosphatase (PPX) encoded by the ppx gene can hydrolyze polyP (Akiyama et al., 1993; Zago et al., 1999) . The ppx gene of P. aeruginosa H103 was PCR amplified and cloned in pUCP18, termed pYCP5. When introduced into H300 (DpauA2 phoU599) and H304 (DpauA2DphoU), which exhibited a high level of polyP, these recombinant strains presented an increased level of spermine susceptibility as evidenced by a reduced MIC from 20 to 0.6 mM. These results indicated that manipulating the cellular polyP level indeed affected spermine resistance. Also, the polyP granules were much less noticeable (under the Neisser stain) in H300 (DpauA2 phoU599) and H304 (DpauA2DphoU) carrying pYCP5 (Fig. 6 ) than with the pUCP18 vector (Fig. 6 ). These recombinant strains did not restore any other phenotypes, including swarming motility, and pyocyanin overproduction (data not shown). We concluded that the cellular polyP level is directly connected to spermine resistance.
In addition, we constructed a recombinant clone of ppk encoding the polyphosphate kinase and introduced it into H298 (DpauA2). If PPK were expressed to synthesize more polyP, one would expect an increased level of spermine resistance in H298 (DpauA2) harboring this clone. However, no change on spermine MIC was detected on H298 (DpauA2) carrying the ppk clone. These observations suggest that PPK alone may not be sufficient to increase polyP accumulation.
Reversion of spermine resistance in H300 by deletion alleles of pstS, pstC, phoB and ppk We hypothesized that spermine resistance in H300 (DpauA2 phoU599) and H304 (DpauA2DphoU) is due to polyP overproduction as the result of an activated Pho regulon and increased phosphate uptake by the phoU599 mutation. Along this line, H300 and H304 were expected to become spermine sensitive by disruption of the Pst phosphate transport system, the PhoB/ PhoR regulatory system, or the PPK polyphosphate kinase for polyP synthesis. A series of knockout mutants with a deletion on pstC, pstS, phoB, and ppk was constructed with H304 as the parental strain. As shown in Table 1 , MICs of spermine in the H322 (pstC), H323 (pstS) and H324 (phoB) mutants were reduced eight fold to 2.5 mM in comparison to that of H304 (20 mM), while spermine MIC in the H325 (ppk) mutant reduced to a level (0.3 mM) comparable to that of the original spermine-sensitive H298 (DpauA2) strain. Similar results were also obtained from another set of mutants in H300 (data not shown). These results provide further support of the phoU effect against spermine toxicity as the consequence of an induced Pho regulon and phosphate transport system along with an enhanced polyphosphate synthesis by PPK.
Transcriptome analysis of H103, H298 and H300
To gain insights into the genetic changes associated with the phenotypic behaviors described above, we conducted transcriptome analysis in H103 (WT), H298 (DpauA2) and H300 (DpauA2 phoU599), grown exponentially in LB broth (Supporting Information Table S3 ). As shown in Fig. 8A , genes that were affected by pauA2 (H298 v.s. H103), phoU599 (H300 v.s. H298) and pauA2 phoU599 combination (H300 v.s. H103) were selected according to the criteria described in Experimental Procedures (Supporting Information Table  S4 ). A total of 322 genes in the list of pauA2 phoU599 combination overlaps strongly with the list of either pauA2 or phoU599 by 111 and 100 genes respectively. Significant changes observed in H300 (DpauA2 phoU599) included the Pho regulon, denitrification and QS-induced genes (Fig. 7B ). In addition, 47 genes that showed significant changes by either pauA2 or phoU599 were, in fact, reversed back to the level as in wild-type strain H103 by the pauA2 phoU599 combination. The presence of this group of genes strongly indicated the complementary effects by pauA2 and phoU 599 alleles. When less stringent criteria were applied (fold change > 1.5), the results of transcriptome analyses clearly identified all genes in three lists as being changed by either pauA2 or phoU599 or both (Fig. 8B) .
As shown in Fig. 7B , forty genes that belong to the reported Pho regulon of P. aeruginosa (Bielecki et al., 2015) were found significantly induced by the phoU599 mutation. These genes include the PhoBR twocomponent regulatory system, the PstSCAB phosphate transport system, the PhoU regulator, the VreAIR cellsurface signaling system, and the PhnCDEF-GHIJKLMNP the phosphonate transport system (Supporting Information Table S5 ). These results clearly demonstrated the presence of a constitutively active Pho regulon in DpauA2 suppressor H300 due to the phoU599 allele. Consistent with the previous reports, expression of ppk and ppx genes for polyphosphate metabolism was not affected in H300 (DpauA2 phoU599).
From the observation of phenotype analysis, we were aware of the pyocyanin overproduction in H300 (DpauA2 phoU599). A total of 16 genes was reported for the pyocyanin synthesis in P. aeruginosa, including two 7-gene operons (phzA1B1C1D1E1F1G1 and phzA2B2C2D2E2F2G2) for phenazine biosynthesis, and two subsequent phenazinemodifying enzymes PhzM and PhzS for conversion of phenazine to pyocyanin (Mavrodi et al., 2001) . Because of the sequence similarity of two sets of phz genes, GeneChip (Affymetrix) includes only nine out 16 pyocyanin synthesis related genes (phzC2D2E2F2G2 and phzMA1B1S). As the transcriptome analysis was conducted with the cell cultures in the mid-log phase of growth, we only observed a moderate level of induction of these nine genes (Supporting Information Table S5 ). Although significant changes in pyocyanin synthesis were observed in H300, the pyocyanin quantitation assays were conducted with the cells from the stationary phase. Therefore it was very likely that the discrepancy between transcriptome analysis and pyocyanin quantitation phoU599). (A) Genes that displayed significant changes in expression levels were selected by the defined criteria in the section of Experimental Procedures, and were shown in a more detailed hierarchical clustering heat map (middle panel) or a two-color heat map (bottom panel). Blue color series, increased expression; brown color series, decreased expression; white color, no significant change. Genes that have been reported to participate in quorum sensing (QS), Pho regulon, and denitrification pathways were also indicated with different color bars on the upper panel. (B) Gene clustering sorted by quorum-sensing (red), Pho regulon (green), and denitrification (pink) and shown in a two-color heat map. The color keys referring to log2 values of fold change (CF) from each comparison were depicted on the right. was due to the growth phase. However, this result still indicated that PhoU might play a regulatory role in the pyocyanin synthesis.
A group of 33 genes involved in the denitrification overlapped strongly between the lists of pauA2 and pauA2 phoU599 (Fig. 7B) . In the denitrification pathway of P. aeruginosa, nitrate (NO3 2 ) was reduced to nitrite (NO2 2 ), nitric oxide (NO), nitrous oxide (N 2 O) and finally nitrogen (N 2 ) by nitrate reductase (NAR), nitrite reductase (NIR), nitric oxide reductase (NOR) and nitrous oxide reductase (N 2 OR) respectively (Arai, 2011) . The structural genes (nosRZDFYL, nirSMCFDLGHJEN, nir-QOP-norCBD and narK1K2GHKI) in the denitrification pathway, but not the regulatory genes (anr, dnr and narXL), were induced in the absence of pauA2 (Supporting Information Table S5 ). However, this intriguing question of how pauA2, and perhaps spermine and other polyamines, were involved in the denitrification in P. aeruginosa remained to be answered. Reminiscent of this finding, it was interesting to point out that that phosphatidylcholine, and its degradation products choline and glycine betaine, were reported to stimulate the Anr regulon in high oxygen tensions (Jackson et al., 2013) .
As shown in Fig. 7B , a significant number of the quorum sensing-related genes was induced in the lists of pauA2 and pauA2 phoU599. However, only the pqsABCDE genes for secondary metabolite 2,4-dihydroxyquinoline (DHQ) biosynthesis were highly induced by either pauA2 or phoU599, while the autoinducer genes lasIR and rhlIR remained unchanged (Supporting Information Table S5 ). The potential role of pauA2 and phoU599 in the quorum sensing network remained to be elucidated.
On the contrary, transcriptome analysis did not provide any supporting evidence to explain the retarded mobility in H300 (Fig. 4A) . Swarming motility is controlled by two major components -flagella and rhamnolipid (Caiazza et al., 2005; Kohler et al., 2000) . These swarming-associated genes, including flagella genes (flgBCDEFGHIJKL) and rhamnolipid biosynthesis genes (rhIRBA), showed no sign of repression in H300. It has been reported that phosphorylated PhoB is able to increase swarming mobility by up-regulating the Rhl quorum sensing system, which resulted in hyper production of rhamonlipids (Blus-Kadosh et al., 2013) . On the contrary, in our study the swarming mobility (Fig. 4) was reduced in H5365 (DphoU), and was completely retarded in H300 (DpauA2 phoU599) and H304 (DpauA2 DphoU) even though the PhoB protein is constitutively active in these strains (Fig. 5) . Whether this discrepancy was due to the different growth media in transcriptome analysis and swarming motility tests cannot be ruled out.
Discussion

Selection against spermine toxicity results predominantly in loss-of-function phoU mutations
The glutamylspermine synthetase PauA2 is essential for spermine utilization in P. aeruginosa, and a pauA2 mutant became very sensitive to exogenous spermine (Yao et al., 2012) . In this study, we explored the potential mechanisms bacteria may use to fence off spermine toxicity in the absence of PauA2. To our surprise, analysis of over 100 pauA2 suppressor mutants, which we isolated from multiple independent experiments, revealed that all of them exhibited the same phenotype consisting of slow growth rate, pyocyanin overproduction, and the absence of swarming mobility. Genetic studies conducted with a representative suppressor led to the identification of a phoU mutation that led to activation of the Pho regulon. Using pstS::lacZ fusion as a reporter system, we further demonstrated that the Pho regulon was activated in all of the tested suppressor mutants. Furthermore, analysis of additional three suppressors that were randomly picked from a separate experiment revealed they also carry mutated phoU gene. These results led us to conclude that suppression of spermine toxicity exhibited by the pauA2 mutant requires activation of the Pho regulon, and that the phoU gene serves as a hot spot for suppressor mutations by the selection scheme used in this study.
Polyphosphate accumulation antagonizes spermine toxicity
Since activation of the Pho regulon exerts drastic and multifaceted effects on bacterial physiology, it was a challenge to identify the factor responsible for rescuing the cells from the imposed selection pressure. One interesting outcome of the phoU mutations is the formation of polyP granules (Morohoshi et al., 2002; De Almeida et al., 2015) . We postulated that positively charged spermine might form complexes with negatively charged polyP to neutralize spermine toxicity. PolyP can be degraded by the exopolyphosphatase PPX. Indeed, increasing PPX level in H300 (DpauA2 phoU599) and H304 (DpauA2 DphoU) by a recombinant plasmid resulted in a reduction in the polyP granules and increased susceptibility to spermine without affecting other phenotypes. Another line of evidence that supports the hypothesis of charge neutralization by the polyP-polyamine complexes was provided by the observation that the retarded growth of the phoU mutants, which overproduced polyP, was improved significantly by the addition of spermine in the growth medium (Table 1) .
Activation of the pho regulon in the phoU mutant
According to the current model in E. coli, the regulatory system of the Pho regulon is composed of seven components -the PhoR/PhoB sensor/response regulator, the PstSCAB transporter, and the PhoU protein (Wanner, 1993) . The seven elements of the E. coli system are all found in P. aeruginosa, and their coding genes are organized in a manner similar to that found in E. coli (Nikata et al., 1996) . Therefore, it is likely that the regulatory mechanism of the Pho regulon is also conserved in these two organisms. PhoU was suggested to serve as a bridge between the Pst transporter and the PhoBR two-component systems, facilitating the modulation of PhoBR activity according to phosphate uptake (Gardner et al., 2014) . In the absence of a functional PhoU protein, the PhoB regulator is fully phosphorylated, a condition that leads to constitutive activation of the Pho regulon in E. coli (Steed and Wanner, 1993) . Transcriptome analysis (Supporting Information Table  S3 ) provided additional support to the proposed function of PhoU in P. aeruginosa; most of the genes that were previously reported as members of the Pho regulon in P. aeruginosa PA14 (Bielecki et al., 2015) were induced when the phoU599 allele was introduced to the pauA2 mutant.
The adverse effect of polyphosphate overproduction in the phoU mutants One significant consequence of the phoU mutation is the overproduction of polyP and the appearance of polyP granules (Fig. 6) . PolyP homeostasis is maintained by two enzymatic reactions -biosynthesis by polyphosphate kinase PPK and degradation by exopolyphosphatase PPX (Rao et al., 2009) . In P. aeruginosa at least two polyphosphate kinases PPK1 and PPK2 (PA5242 and PA0141) have been identified, with PPK1 playing the major role in polyP synthesis (Ishige et al., 1998) . The PA5241 gene encoding PPX is convergently transcribed from the PPK1 gene (Akiyama et al., 1993) . The ppx and ppk1 genes were not reported to be members of the Pho regulon (Bielecki et al., 2015) . In our study, the expression levels of PPK and PPX were found comparable in the wild-type H103, pauA2 mutant H298, and the pauA2 phoU599 mutant H300 strain in LB broth. Although it is still not clear how polyP is overproduced in the phoU mutants, this phenomenon might be related to an increase in phosphate uptake that potentially could gear up ATP synthesis and an offbalance between PPK and PPX activities. Uncontrolled polyP synthesis can be considered as a significant disadvantage for bacterial growth as it tends to serve as a metabolic sink that drains ATP into polyP granules. Fig. 8 is a possible working model that attempts to explain how PhoU mutation can lead to polyP overaccumulation and counteracts spermine toxicity in P. aeruginosa. During growth in the presence of low phosphate levels, PhoR can phosphorylate PhoB, and the phosphorylated PhoB in turns activates the Pho regulon, including the phosphate transporter, pstSCAB. When phosphate is in excess, PhoU may prevent the phosphorylation of PhoB by PhoR, and therefore the induction of the Pho regulon. The PhoU599 mutant might have lost its regulatory ability due to the C 599 T substitution, therefore leading to constitutively expression of Pho regulon. Under the spermine stress conditions that were tested in this study, the phoU gene serves as a hotspot for mutations that cause constitutive induction of the Pho regulon. This observation suggests that PhoU plays a negative regulatory role in control of the Pho regulon. An elevated level of the PstSCAB transporter may increase the uptake of phosphate ions from the medium, possibly leading to increased ATP synthesis. However, the presence of polyP granules in the phoU mutants suggests a significant flow of ATP into polyP synthesis, which could consequently result in ATP deficiency. The hemostasis of polyP is controlled by two enzymes, PPK for synthesis and PPX for degradation. We demonstrated that increasing PPX expression reduces the formation of polyP granules and reverses the phenotype of the phoU mutants from the spermine-resistant to spermine-sensitive. While more work is needed to elucidate the molecular mechanism of enhanced polyP granule formation, findings of this study support the hypothesis that spermine toxicity can be attenuated by polyP granules through charge neutralization.
The working model
Shown in
Although the predominant mutations conferring spermine resistance in the absence of PauA2 were found as phoU alleles, the possibility of other suppressor genes cannot be ruled out. One possible candidate was the Spu spermine uptake system (Lu et al., 2002) . We have reported previously that introduction of the spuF deletion allele to H298 (DpauA2) was able to increase spermine MIC to 1.2-2.5 mM (Yao et al., 2012) , a level that is far more lower than what was used for the selection of suppressors in this study (10 mM). Indeed this mutant was not able to grow on the selection plate used in this study (data not shown). While spermine MIC in H300 (DpauA2 phoU599) and H304 (DpauA2 DphoU) reached 20 mM, this level was still lower than that of the wild type PAO1 (over 80 mM). This difference of spermine sensitivity is likely due to spermine accumulation in the absence of PauA2. In the previous study (Yao et al., 2012) , we also proposed that spermine toxicity can be mediated by two different modes of action on the targets of unknown nature -one in the cytoplasm and the other in the periplasm or cell membranes.
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Elucidation of these potential targets of spermine is the ongoing project in our group, It has been reported that induction of polyP synthesis in the phoU mutant is concomitant with an increase of the ppGpp level, the signaling molecule of stringent response (De Almeida et al., 2015) . We did not check the ppGpp levels in mutants of the current study as the phenotype of spermine resistance occurs in the log phase, which is supposed to have a negligible level of ppGpp. The potential effects of spermine and PhoU on ppGpp synthesis, and potentially on the RpoS regulon and quorum sensing in the stationary phase of growth warrants future investigation. In summary, without the main detoxification enzyme PauA2, P. aeruginosa seems to pay a high metabolic price for the development of suppressors against spermine stress. Therefore, the polyamine pathway might still be a promising target for drug discovery to enhance efficacy of b-lactam antibiotics. Many reports indicate the involvement of phoU and polyphosphate on various aspects in bacterial physiology, including persister formation, virulence, and tolerance to multiple antibiotics and stresses (Li and Zhang, 2007; Amado and Kuzminov, 2009; Proctor et al., 2014) . It has been reported that endogenous polyamines can affect polyphosphate accumulation in E. coli (Motomura et al., 2006) . The results of our study further support the physiological significance of interactions between polyamine and polyphosphate.
Experimental procedures
Bacterial strain and growth media
Bacterial strains and plasmids used in this study are listed in Supporting Information Table S1 . LB (Luria-Bertani) medium (1% tryptone; 0.5% yeast extract; 0.5% NaCl) was used for E. coli and P. aeruginosa growth, transformation, and conjugation. Antibiotics were added to selection media at the following concentrations: for E. coli, 100 lg ml 21 of ampicillin, and for P. aeruginosa, 100 lg ml 21 of carbenicillin; 100 lg ml 21 of tetracycline; 25 lg ml 21 of gentamicin; 500 lg ml 21 of streptomycin. P. aeruginosa was grown in LB without sodium chloride (LBNS) for biofilm formation. Tris-buffered LB medium (pH8.0) was applied in most experiments, including growth rate, MIC (Minimal Inhibitory Concentration), pyocyanin quantitation assay, RNA isolation, and promoter activity. All cultures were routinely incubated aerobically at 37˚C with shaking at 300 rpm. For mobility assays, 1% and 0.3% LB agar plates were applied to test twitching and swimming ability respectively; 0.5% minimal medium P agar plates supplemented with 0.4% glucose and 0.1% casamino acids were used in swarming test. For rhamnolipid quantitation assay, swarming plates were supplemented with 5 lg ml 21 methylene blue and 0.05 mg ml 21 cetyl trimethylammonium bromide (CTAB).
Construction of pauA2 and phoU mutants
For the construction of DphoU mutant H5365, two flanking regions of phoU were PCR amplified by the designed primers with BamHI and SacI, and SacI and HindIII restriction sites respectively (Supporting Information Table S2 ). The PCR products, the conjugation vector pRTP2 (Li and Lu, 2009) , and a gentamicin cassette from pPS856 plasmid (Hoang et al., 1998) were prepared with appropriate restriction endonuclease digestion before mixed in the ligation reaction. For gene replacement by the biparental conjugation, the E. coli SM10 strain carrying the resulting plasmid pPhoU as a donor was mated with a spontaneous streptomycin-resistant mutant of H103 as a recipient for 6 hours at 37˚C. The transconjugants were selected on LB agar plates containing 500 mg ml 21 streptomycin and 100 mg ml 21 gentamicin. To confirm the correct deletion mutant, PCR and antibiotics test were applied. For pauA2 mutant H298, the gene replacing plasmid pPauA2 was reported previously (Yao et al., 2011) .
Spermine susceptibility test
Minimal inhibition concentration (MIC) of spermine was determined by the liquid microdilution method based on the guidelines of the Clinical and Laboratory Standards Institute (CLSI). Serial two-fold dilutions of tested compounds were prepared in a 96-well microtiter tray, and mid-log phase cultures of each bacterial strain were diluted and inoculated with approximate 10 5 CFU/well. Cells were incubated without shaking at 37˚C for 24 h. The lowest concentration of an antimicrobial agent at which cells were not able to grow was defined as its MIC. A longer incubation time than what was recommended by CLSI was employed for MIC measurements due to the fact that many mutant strains in the study have a much slower growth rate than the wild type PAO1.
Pyocyanin quantitation assay
Bacteria culture grown in 4 ml of the LB medium for 24 h was mixed with 3 ml of chloroform (Frank and Demoss, 1959) . After centrifuge at 6000g for 10 min, pyocyanin was extracted by mixing 2 ml of chloroform layer with an equal volume of 0.2 N HCl. The absorbance of pyocyanincontaining solutions at 520 nm was measured, and pyocyanin concentration was determined using a molar extinction coefficient of 2460 M 21 cm
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.
Genome resequencing
The bacterial genomes of P. aeruginosa strain H298 and H300 were subjected to sequencing by Illumina MiSeq (ACGT Inc). The sequencing data were assembled and analyzed by comparison of the published sequence of P. aeruginosa PAO1. The unique mutation in strain H300 was identified in the phoU gene, which was confirmed by PCR amplification and nucleotide sequencing by the Core Facility at Georgia State University.
Swimming, swarming and twitching motility assays
Single colonies of P. aeruginosa were diluted and spotted on 0.3% LB swimming plate and 0.5% MMP swarming plate (Tremblay and Deziel, 2008) . After overnight growth at 37˚C, the mobility was examined by measuring the distance that bacteria spread out from the point of inoculation. For twitching mobility, single bacterial colonies were stabbed into 1% LB agar (Semmler et al., 1999) . After incubation at 37˚C overnight and at 25˚C for additional one to two days, twitching zone between the agar and Petri dish interface can be observed and measured under white light.
Rhamnolipid production assay
Single colonies of P. aeruginosa strains were diluted and spotted on central disk of 0.5% rhamnolipid plate (Pinzon and Ju, 2009) . After incubation at 37˚C for 24-48 h, the plates were stored at 4˚C for at least 24 h before visualization of the rhamnolipid zone by UV transilluminator.
Biofilm quantitation assay
For each strain, overnight cultures were 1:100 diluted with LBNS and grown up to the mid-log phase. These freshly grown bacteria were further adjusted to OD 600 of 0.01 in LBNS, and 100 ll of diluted cell suspensions were added to 96-well microtiter plate (O'Toole and Kolter, 1998). After overnight incubation at 37˚C, adherent cells were discarded, and the wells were rinsed in water and stained by 200 ll of 0.1% crystal violet solution for 30 min. The washing step was repeated, and crystal violet that stains the attached cells was dissolved in 200 ll of 95% ethanol. The biofilm stain was determined by reading the absorbance at 540 nm.
Measurements of promoter activities
For the construction of pstS::lacZ transcriptional fusion pYCP3, the DNA fragment covering the entire 400 bp upstream intergenic region of the pstS gene was PCR amplified from P. aeruginosa H103 strain by pstS_Fwd and pstS_Rev primers (Supporting Information Table S2 ). For the construction of pstC::lacZ transcriptional fusion pYCP4, the DNA fragment consisted of entire 422 bp in the upstream intergenic region of the pstC gene was PCR amplified from P. aeruginosa H103 by pstC_Fwd and pstC_Rev primers (Supporting Information Table S2 ). These PCR products were digested by restriction enzymes (BamHI and HindIII) and ligated into pQF50. The constructed plasmids were introduced into the host strain of interests to measure the promotor activities by b-galactosidase assays. Bacteria grown to early log phase (OD 600 5 0.2) were induced by spermine for 2 h incubation. Cell pellets were harvested by centrifuge and resuspended in the same volume of assay buffer (100 mM sodium phosphate at pH7.0, 1 mM MgSO 4 and 100 mM bmercaptoethanol). The cell suspension (0.8 ml) was mix with 1/20 volume of toluene and vortexed for 15 seconds. Each test tube was equilibrated at 37˚C water bath for 1 minute before adding ONPG (4 mg ml
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) to initiate the reaction. When the yellow color developed, the reaction was stopped by adding 0.5 ml of 1 M Na 2 CO 3 . The absorbance of the yellow color solution at 420 nm and the cell density at 600 nm was measured, and b-galactosidase activity was calculated using the equation of 10 6 * [(OD 420 * 1.5 ml)/(4860 M 21 cm 21 * 0.8 ml)]/DT * OD 600 (Miller, 1972) .
Transcriptome analysis P. aeruginosa strains were grown in Tris-buffered LB (pH8.0) in the presence or absence of 5mM spermine, and cultures in the mid-exponential phase (OD 600 around 0.5) were harvested. RNA samples were isolated and purified with RNeasy plus mini columns (QIAGEN). Following the protocols by the manufacturer (Affymetrix), cDNA were synthesized, fragmented, terminal labeled and hybridized to GeneChip of P. aeruginosa Genome Array. Data from two independent biological experiments were collected and analyzed by comparing gene expression among three strains (H103, H298 and H300) in LB medium with fold change over 2.5 and signal intensity value 250 as threshold. A heat map for schematic presentation of differential expression of these genes was generated with a two-tone color series covering different ranges of fold changes.
Neisser stain
Bacteria were grown in LB broth to mid-log phase. Cells were washed and spotted on the glass. The smear of each strain on the slide was fixed by flame. Staining reagent A was freshly prepared with two parts of methyl blue reagent (0.1% methyl blue, 5% glacial acetic acid, 5% ethanol and water to 100 ml) and one part of crystal violet reagent (0.33% crystal violet, 6.7% ethanol and water to 100 ml). Counterstain reagent B consisted of 0.33% Bismarck brown and water. Each slide was stained by reagent A for 10-15 seconds, then reagent B for 1 minute and rinsed by water. The dried slides were observed with 1003 bright field objective (Eikelboom and van Buijsen, 1981) .
